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(54) Title: CARTILAGE-DERIVED MORPHOGENETIC PROTEINS 
(57) Abstract 

The invention discloses extracts of cartilage tissue that exhibit chondrogenic activities in vivo. Proteins having chondrogenic activity 
are referred to as "cartilage-derived morphogenetic proteins" (CDMPs) and are disclosed to be members of the TGF-0 superfamily. 
Methods for the preparation of extracts having biological activity are presented. Also disclosed are polynucleotides encoding two members 
of the CDMP family of proteins. Recombinant CDMP-1 protein was shown to have chondrogenic activity in vivo. Significantly, cloned 
polynucleotides encoding CDMP proteins from a variety of species exhibit remarkable conservation at the amino acid sequence level. 
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CARTILAGE-DERIVED MORPHOGENETIC PROTEINS 
Field of the Invention 

The present invention relates generally to the field of cartilage and bone development. 
More specifically, the invention relates to cartilage-derived morphogenetic proteins that stimulate 
5 development and repair of cartilage in vivo. 

Background of the Invention 
Bone morphogenetic proteins (BMPs) are members of the TGF-p superfamily that can 
induce endochondral bone formation in adult animals. This superfamily includes a large group of 
structurally related signaling proteins that are secreted as dimers and then cleaved to result in 
10 biologically active carboxy terminal domains of the proteins. These bioactive proteins are 
characterized by 7 highly conserved cysteine residues. Interestingly, these proteins have different 
roles at various stages of embryogenesis and in adult animals. Recombinant BMPs are now 
available and have been shown to induce endochondral bone formation when assayed in vivo. 

Indeed, the initial discovery of the BMPs was facilitated by such in vivo assays for 
15 cartilage and bone development. These assays were based on the observation that bone 
development could be initiated by subcutaneous or intramuscular implantation of compositions 
comprising an extract of demineralized bone and residual bone powder. The novel proteins 
identified in the extracts were termed "bone morphogenetic proteins." These proteins were 
subsequently classified as members of the TGF-P superfamily by virtue of amino acid sequence 
20 relatedness. Screening of genomic and cDNA libraries led to the isolation of polynucleotides 
encoding BMP-2, -3, -4, -5, -6 and -7. 

One deficiency of the bone induction assay regards its inability to distinguish the 
physiological roles of different BMP family members. The cartilage and bone inducing activity 
of the BMPs is remarkable because the normal stages of endochondral bone formation that occur 
25 during ontogeny are recapitulated in the adult animal. These stages include mesenchymal 
condensation, cartilage and bone and bone marrow formation and eventual mineralization to 
produce mature bone. 

Several observations suggest that BMPs have wide-ranging extraskeletal roles in 
development. First, localization studies in both human and mouse tissues have demonstrated high 

30 levels of mRNA expression and protein synthesis for various BMPs in kidney (BMPs -3, -4, -7), 
lung (BMPs -3, -4, -5, -6), small intestine (BMPs -3, -4, -7), heart (BMPs -2, -4, -6, -7), limb bud 
(BMPs -2, -4, -5, -7) and teeth (BMPs -3, -4, -7). Second, several members of the family, 
including BMP-4 and -7, are key molecules in epithelial-mesenchymal interactions, for instance 
during odontogenesis. Third, BMP-2 and BMP-4 are involved in the signaling pathway that 

35 controls patterning in the developing chick limb and BMP-4 is a ventralizing factor in early 
Xenopus development. Fourth, Drosophila homologs of the BMPs, the decapentaplegic (dpp) and 



-3- 

A forth aspect of the present invention is a recombinant protein having chondrogenic 
activity in vivo but substantially no osteogenic activity in vivo. This protein can have the amino 
acid sequence of SEQ ID NO: 13 or SEQ ID NO: 14. 

A fith aspect of the present invention is a method of stimulating cartilage formation in a 
5 mammal. This method includes the steps: supplying cartilage-derived morphogenetic proteins 
having in vivo chondrogenic activity; mixing the partially purified proteins with a matrix to 
produce a product that facilitates administration of thet partially purified proteins and implanting 
this mixture into the body of mammal to stimulate cartilage formation at the site of implantation. 
The partially purified cartilage-derived morphogenetic proteins can be obtained from either 
10 articular cartilage or epiphyseal cartilage. The matrix can also include non-cellular material. 
Viable chondroblast or chondrocytes can also be included in the mixture prior to implantation. The 
mixture can be implanted either subcutaneously or intramuscularly. 

A sixth aspect of the present invention is a composition that can be administered to a 
mammal for the purpose of stimulating chondrogenic activity at the site of administration without 
15 substantially stimulating osteogenic activity. This composition comprises at least one cartilage- 
derived morphogenetic protein and a matrix. The cartilage-derived morphogenetic protein can be 
derived from an extract of either articular cartilage or epiphyseal cartilage. In another 
embodiment, the cartilage-derived morphogenetic protein is a recombinant protein. This 
recombinant protein can have the amino acid sequence of either SEQ ID NO: 13 or SEQ ID NO: 14. 
20 The matrix used to create the composition can be either fibrin glue, freeze-dried cartilage, 
collagens or the guanidinium-insoluble collagenous residue of demineralized bone. Alternatively 
the matrix can be a non-resorbable matrix such as tetracalcium phosphate or hydroxyapatite. 

Brief Description of the Figures 
Figure 1 presents the nucleotide and predicted amino acid sequence encoded by the full 
25 length human CDMP-1 cDNA. 

Figure 2 presents the nucleotide and predicted amino acid sequence encoded by the bovine 

CDMP-2. 

Figure 3 presents the genetic maps of chromosome 2 showing the localization of CDMP-1. 
The map on the right is based on the data from two separate crosses. 
30 Figure 4 shows an alignment of segments from predicted CDMP amino acid sequences in 

standard one letter code. 

Detailed Description of the Invention 
We discovered that partially purified extracts of newborn calf articular cartilage contained 
an activity that induced cartilage formation when implanted subcutaneously in rats. This biological 
35 activity was reminiscent of that which characterized the BMPs. Degenerate oligonucleotide primer 
sets derived from the highly conserved carboxy-terminal region of the BMP family were employed 
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We also anticipate the polynucleotides disclosed herein will also have utility as diagnostic 
reagents for detecting genetic abnormalities associated genes encoding CDMPs. Diagnostic testing 
could be performed prenatally using material obtained during amniocentesis. Any of several 
genetic screening procedures could be adapted for use with probes enabled by the present 
5 invention. These procedures include restriction fragment length polymorphism (RFLP), ligase 
chain reaction (LCR) or polymerase chain reaction (PCR). 

We began our investigations by considering whether there were differences between the 
chondrogenic/osteogenic differentiation factors that characterized calcifying (epiphyseal, scapular 
cartilage) and non-calcifying (articular, nasal septum) cartilage tissues. It had been previously 
10 established that tail tendon, achilles tendon, cartilage and skin matrices were devoid of 
chondrogenic/osteogenic activity (originally described as "transforming potency") as measured in 
an in vivo subcutaneous implantation model in rats (Reddi A.H., 1976, "Collagen and Cell 
differentiation" in Biochemistry of Collagen, eds. Ramachandran G.N. and Reddi, A.H., pp449-478, 
Plenum Press, New York and London.). 
15 We confirmed the absence of chondrogenic or osteogenic activity in crude 4 M guanidine 

HC1 (GdnHCl) extracts of cartilage matrices, but unexpectedly discovered in vivo chondrogenic 
activity in the 0.15 M NaCl eluate of the cartilage extracts after ion exchange chromatography. 
The development of a unique extraction procedure (1.2 M GdnHCl and 0.5% CHAPs) followed 
by a heparin Sepharose affinity chromatography step confirmed the presence of in vivo 
20 chondrogenic activity in cartilaginous tissues. This was especially true in bovine articular and 
epiphyseal cartilage. When the bioactive heparin Sepharose eluates (1M NaCl eluate) were further 
purified using previously established procedures, molecular sieve chromatography and Con A 
affinity chromatography steps followed by SDS polyacrylamide gel electrophoresis and gel elution, 
chondrogenic activity was established. Implantation of 0.5 to 1 ug gel eluted material resulted in 
25 in vivo chondrogenesis. Surprisingly, and in contrast to the bone matrix purified activity, none of 
the peptide sequences that were found in tryptic digests of the highly purified cartilage extracts 
corresponded to any of the known BMPs. However, the biological activity present in the extracts 
was reminiscent of BMP-like activity by virtue of its loss of activity upon reduction and alkylation, 
its affinity for heparin Sepharose and Con A. 
30 Although other materials and methods similar or equivalent to those described herein can 

be used in the practice or testing of the present invention, the preferred methods and materials are 
now described. General references for methods that can be used to perform the various nucleic 
acid manipulations and procedures described herein can be found in Molecular Cloning: A 
Laboratory Manual (Sambrook et al. eds. Cold Spring Harbor Lab Publ. 1989) and Current 
35 Protocols in Molecular Biology (Ausubel et al. eds., Greene Publishing Associates and Wiley- 
Interscience 1987). The disclosures contained in these references are hereby incorporated by 
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sieve chromatography, the bioactive fractions were pooled and exchanged with 50 raM Hepes, pH 
7.4, containing 0.15 M NaCl, 10 raM MgS0 4 , ImM CaCl 2 and 0.1% (w/v) CHAPS using 
Macrosep™ concentrators (Filtron Technology Inc., Northborough, MA). The equilibrated sample 
was mixed with 1 ml Con A Sepharose (Pharmacia-LKB) previously washed with 20 volumes of 
5 the same buffer according to the procedure described by Paralkar et al., in Biochem. Biophys. Res. 
Comm. 131:37 (1989). After overnight incubation on an orbital shaker at 4°C, the slurry was 
packed into a disposable 0.7 cm ID Bio-Rad column and washed with 20 volumes of the Hepes 
buffer to remove unbound proteins. Bound proteins were eluted with 20 volumes of the same 
buffer containing 500 mM methyl-D-mannopyronaside. The eluate was concentrated to 200 pi 
10 using Macrosep™ concentrators. Macromolecules were then precipitated overnight with 9 volumes 
of absolute ethanol at 4°C. The precipitate was redissolved in 1 ml 6 M urea, Tris HC1 pH 7.4. 
The bioactive bound protein was then mixed with 2 X Laemmli sample buffer (without reducing 
agents) and electrophoresed on a 12% preparative SDS/polyacrylamide gel. Gel elution of the 
separated protein fractions and testing for biological activity was performed as described by Luyten 
15 et al., in J. Biol. Chem. 264:13377 (1989). We also observed that, after reduction with 
dithiothreitol and alkylation with iodoacetamide, substantially all of the cartilage-forming activity 
contained in the protein sample was lost. 

Results indicated that each of the crude extracts of the different cartilaginous tissues 
(articular, nasal, scapular or epiphyseal) were inactive when tested directly in the in vivo cartilage 
20 and bone inducing assay. This finding confirmed previously described results published by Reddi 
in "Collagen and Cell differentiation" in Biochemistry of Collagen (eds. Ramachandran G.N. and 
Reddi, A.H., pp449-478, Plenum Press, New York and London (1976)). However, after heparin 
affinity chromatography (Sampath et al., Proc. Natl. Acad. Sci. U.S.A. 84:7109 (1987)), 
chondrogenic activity was recovered in the 1 M NaCl eluate from articular cartilage extracts. An 
25 additional molecular sieve chromatography step (S200) was required to recover chondrogenic 
activity from epiphyseal cartilage extracts. Similar results were obtained upon ion exchange 
chromatography using DEAE Sephadex (0.15 M NaCl eluate). Significantly, no activity was 
detected in the extracts of the other cartilaginous tissues. 

The highest specific activity was obtained for material derived from articular cartilage (1 
30 U alkaline phosphatase/mg protein). This material was used for characterization of the bioactivity. 
Further purification of the active fraction by molecular sieve chromatography on Sephacryl S- 
200HR (specific activity 112 U/mg), and affinity chromatography on Concanavalin A (specific 
activity 480 U/mg), established the presence of cartilage and bone inducing activity characteristic 
of the members of the BMP family. Gel elution experiments with the Con A bound bioactive 
35 fraction demonstrated that the activity resided between roughly 34 and 38 kDa (specific activity 
of the gel eluted fractions was 2143 U/mg). We have also demonstrated that size separation by 
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product was subcloned into the PCR II vector using the TA Cloning™ System (InVitrogen 
Corporation, San Diego, CA). Results of RT-PCR using poly(A) + RNA isolated from newborn 
bovine articular cartilage as template and sets of degenerate oligonucleotide primers (SI/AS 1 and 
S1/AS2) yielded amplification products of 120 bp and 280 bp. 

5 Subcloned inserts were sequenced according to the dideoxy DNA sequencing method of 

Sanger et al., (Proc. Natl. Acad ScL U.S.A. 74:5463 (1977)). Both DNA strands were sequenced 
using Sequenase Version 2.0 DNA polymerase according to manufacturer's instructions (USB, 
Cleveland, OH) with at least two-fold redundancy. Confirmatory data in ambiguous regions were 
obtained by automated thermal cycle sequencing with an Applied Biosystems Model 370A 

10 sequencer and by using 7-deaza-GTP (USB, Cleveland, OH). The sequencing data were obtained 
from restriction fragments subcloned into pBluescript (Stratagene, La Jolla, CA) using either Ml 3 
forward and reverse primers or synthetic oligonucleotide primers. 

The results from a computer-assisted search of the nucleic acid sequence databases 
indicated the cloned inserts encoded BMP-2, -6, BMP-7 (OP-1), and several other BMP-like 

15 sequences. Identification of these latter gene fragments led us to isolate larger cDNAs that 
included the entire protein coding region of the transcript. The availability of such clones 
facilitated both a more precise analysis of the encoded BMP-like protein and permitted studies 
aimed at localizing the expression of these genes. Thus, cloned inserts having novel BMP-like 
sequences were isolated, radiolabeled and used to screen both human and bovine articular cartilage 

20 cDNA libraries. 

Example 3 describes the methods used to isolate human and bovine cDNAs that 
corresponded to a segment of one of the BMP-like gene segments that were amplified from 
cartilage mRNA templates. 

Example 3 

25 Library Screening 

A 120 bp PCR fragment encoding part of the C-terminal domain of novel BMP like genes 
(dashed line, Figure 1) was used to screen two cDNA libraries. One library, from adolescent 
human articular cartilage poly(A) + RNA (kindly provided by Dr. Bjorn Olsen, Harvard, Boston, 
MA), was primed with oligo dT and constructed in the Xgtl 1 vector. The other was a bovine oligo 

30 dT and random primed articular cartilage cDNA library constructed in the UNIZAP®XR vector 
(Stratagene, La Jolla, CA). Approximately 1 x 10 6 plaques from each library were screened by 
standard procedures. Hybridizations were performed for 20 hours at 42°C in 6 x SSC, 1 x 
Denhardt's solution, 0.01% tRNA, 0.05% sodium pyrophosphate and the membranes (DuPont 137 
mm nylon membranes, New England Nuclear, MA) were washed to final stringency of 6 x SSC, 

35 0.1% SDS at 55°C for 20 minutes. 
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The amino acid sequence similarity between the human CDMP-1 and bovine CDMP-2 
proteins prompted us to further investigate conservation of the CDMPs across different species. 
In particular, we employed a PCR amplification protocol to isolate CDMP cDNA sequences from 
a variety of species. Based on alignments of the predicted proteins encoded by these cDNAs, we 
5 identified a highly conserved amino acid sequence spanning 31 residues. Only 5 amino acid 
positions within this sequence showed variability. All remaining positions were identical for all 
isolates. As disclosed in the following Example, even the 5 variable positions showed a high 
degree of conservation. This structural conservation likely represents a functional domain that is 
characteristic of the CDMP family of proteins. Those of ordinary skill in the art will appreciate 
10 that such extraordinary amino acid sequence conservation is indicative of a functional domain. We 
therefore believe the consensus amino acid sequence presented in the following Example is critical 
to the biological activity of the CDMPs. 

Example 4 describes the procedures used to identify an amino acid consensus sequence that 
characterizes the CDMPs from several different species. 
15 Example 4 

Identification of a Hiehlv Con served Consensus 
Sequence in CDMP Proteins 
RNA isolated from chicken sternal cartilage, bovine articular cartilage and human articular 
cartilage was employed as the template in RT-PCR protocols using the primers SI and AS 1 and 
20 procedures described under Example 2. Genomic DNA isolated from Xenopus and zebrafish was 
also used as the template for amplification of related gene sequences in a PCR protocol that 
employed the same primer sets. Amplified DNA fragments were subcloned according to standard 
procedures. The inserts from various isolates were sequenced by standard dideoxy chain 
termination protocols. Aligned segments of the predicted proteins encoded by the cloned cDNAs 
25 are presented in Figure 4. 

Results of the protein alignments clearly indicated that CDMP family members from 
several species shared a common amino acid sequence motif in the region of the proteins encoded 
by the amplified cDNA segments. Of the 31 amino acid positions presented in Figure 4, all but 
5 were occupied by identical amino acid residues for all of the isolates. The variable amino acids 
30 were located at positions 3, 7, 11, 16 and 18. Position 3 was occupied either by I, M or V. 
Position 7 was occupied by either D or E, both of which have acidic side groups. Position 1 1 was 
occupied by either Y, F or H. Position 16 was occupied by L or V, and position 18 was occupied 
by D or E. The consensus deduced from this alignment was: 

W-I-(IMA^>A-P-L-(D/E>Y-E-A-(Y/F/H>H-C-E-G-(LA^)-C-(D/E)-F-P-L-R-S-H-L-E-P-T-N-H-A 
35 (SEQ ID NO: 15). This consensus sequence is slightly broader than the one shown in Figure 4, 
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Results from Southern blotting with the 2.1 kb cDNA described above identified EcoRI 
fragments of 7.1 and 2.0 kb in M spretus and ML m. musculus and 6.8 and 3.2 kb in NFS/N and 
C58/J. 

Inheritance of the polymorphic fragments in the progeny of the two crosses used for 
5 mapping was compared with inheritance of over 650 markers previously mapped to all 19 
autosomes and the X chromosome. The gene encoding CDMP-1 was found to be linked to 
markers on Chr 2 just proximal to Src. The closest linkage was observed with Psp and EmvlS. 
No recombination was observed between Cdmpl and Psp in the 100 mice typed for both markers 
indicating that these genes are within 3.0 cM at the 95% confidence level. Similarly, the absence 
10 of recombination between Gdf5 (Storm et al., Nature 368:639 (1994)) and Cdmpl in 125 mice 
suggested these genes colocalized within 2.4 cM. This map location suggested close proximity 
to the brachypodism locus (bp). A genetic map that presents the localization of CDMP-1 on 
chromosome 2 is shown in Figure 3. Recombination fractions are given to the right of each map 
of the diagram for each adjacent locus pair or cluster. Numbers in parenthesis represent the 
15 percent recombination and standard error calculated as described by Green in Genetics and 
Probability in Animal Breeding Experiments. Oxford University Press, New York (1981). The 
map on the left is an abbreviated version of the Chr 2 Committee Map disclosed by Siracusa et 
al., in Mammal Genome 4:S31 (1993), and shows the map location of bp relative to the other 
markers typed in the crosses used here. 
20 The brachypodism (bp mice) disorder is characterized by a distinct shortening of the limbs 

without other tissue abnormalities. The defect has previously been attributed to lack of production 
of a chondrogenic signal by mesenchymal cells at the time of chondrogenesis (Owens et al., Dev. 
Biol. 91:376 (1982)). During the course of our investigation, an independent study by Storm et 
al. (Nature 368:639 (1994)) described the isolation of the mouse CDMP-1 homolog, called Gdf-5, 
25 and established its linkage to the bracypodism (bp) mutation. The types of mutations observed in 
bp mice were found to be effective null-mutations for the gene encoding Gdf-5/CDMP-l. The 
pattern of expression of CDMP-1 throughout the cartilaginous core observed during human 
embryonic long bone development, coupled with the ^.mutation in mice, indicated that its primary 
physiological role was most likely at the stage of early chondrogenesis and chondrocyte 
30 differentiation in the developing limb. 

The foregoing results indicated the CDMP-1 and CDMP-2 cDNAs were novel, exhibited 
moderate sequence conservation across species as judged by evolutionary hybridization studies and 
that the CDMP-1 gene localized to mouse chromosome 2. We proceeded to examine the pattern 
of CDMP expression at the mRNA level. 
35 Example 6 demonstrates the methods used to determine the pattern of CDMP mRNA 

expression. 
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Example 7 

CDMPs are Preferentially E xpressed in the 
Cartilaginous Cores of Lone Bone 
During Human Embrvoeenesis 

5 In Situ Hybridization 

Tissues from human embryos were obtained after pregnancy termination at from 5 to 14 
weeks of gestation. Embryo age was estimated in weeks (W) on the basis of crown-rump length 
(CRL) and pregnancy records of the conceptual age. They were fixed in 4% paraformaldehyde 
in 0.1 M phosphate buffer (pH 7.2), embedded in paraffin, sectioned serially at 5-7 urn, and 
10 mounted on silanated slides. The tissues used in the present study were obtained from legally 
sanctioned procedures performed at the University of Zagreb Medical School. The procedure for 
obtaining the human autopsy material was approved and controlled by the Internal Review Board 
of the Ethical Committee at the School of Medicine, University of Zagreb and Office of Human 
Subjects Research (OHSR) at the National Institutes of Health, Bethesda, MD. In situ 
15 hybridization was done as described by Vukicevic et al., (J. Histochem. Cytochem. 42:869 (1994)) 
and by Pelton et al. {Development 106:759 (1989)). Briefly, sections were incubated overnight at 
50 e C in a humidified chamber in 50% formamide, 10% dextran sulfate, 4 x SSC, 10 mM 
dithiothreitol, 1 x Denhardt's solution, 500 pg/ml of freshly denatured salmon sperm DNA and 
yeast tRNA with 0.2-0.4 ng/ml 35 S labeled riboprobe (1 x 10' CPM/p.g). Apal fragments of 
20 CDMP-1 and of CDMP-2 (described above) from the pro region, subcloned in both sense and anti- 
sense direction into pBluescript II (SK) + vector (Strategene, CA), were used as transcription 
templates. Riboprobes were then prepared using T7 RNA polymerase (Sure Site Kit, Novagen, 
Madison, WI) according to the manufacturer's instructions and used with and without prior alkaline 
hydrolysis. After hybridization, the sections were washed as described by Lyons et al., in 
25 Development 109:833 (1990), to a final stringency of 0.1 x SSC, 65°C for 2 x 15 minutes. After 
dehydration through a graded ethanol series containing 0.3 M ammonium acetate, slides were 
covered with NTB-2 emulsion (Kodak) and exposed between 1 and 3 weeks. After development, 
the slides were stained with 0.1% toluidine blue, dehydrated, cleared with xylene and mounted 
with Permount. 
30 Immunostaining 

A polyclonal antibody to the peptide QGKRPSKNLKARC (SEQ ID NO:10) (amino acids 
388-400; prepared by Peptide Technologies, Gaithersburg, MD), which belongs to the mature 
secreted protein of CDMP-1, was raised in rabbits. Before immunization, the peptide was 
conjugated to Imject R Malemide Activated Keyhole Limpet Hemocyanin (Pierce, Rockfor, IL). 
35 Searches performed using the BLAST (Altschul et al., J. Mol Biol. 215:403 (1990)) network 
service available through the National Center for Biotechnology Information indicated that the 
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cartilage-inducing activity from the extracts, this will confirm that CDMP-1 and/or CDMP-2 must 
be responsible for the active agents contained in the extracts. 

Example 8 describes the methods that will be used to raise antibodies against synthetic 
peptides and recombinant CDMP-1 and CDMP-2 proteins. Antibodies produced in this fashion 
5 will be tested for their ability to deplete extracts containing CDMP activity. 

Example 8 

Production and Use of Anti-CDMP Antibodies 
Specific monoclonal and polyclonal antibodies will be raised against peptides designed 
from the mature protein of the CDMPs. Preferentially, the region between the protein cleavage 

10 site and the first cysteine of the CDMP-1 and CDMP-2 proteins will be used to design the 
peptides. In addition, the cDNAs encoding the mature region of the CDMPs will be subcloned 
in the bacterial pET expression vector, and expressed as monomers in the bacterial expression 
system. The protein expressed in this system will be used to raise additional antibodies, and to 
determine the immunoreactivity of the various antisera in Western blots. The bacterially expressed 

15 monomers will be refolded into biologically active dimers using standard protocols. This approach 
may afford another source of recombinant protein. 

The antisera obtained in this fashion will be used to further establish the synthesis of the 
CDMPs by chondrocytes in vivo and in vitro, and to link the cloned CDMPs to the chondrogenic 
activity found in cartilage extracts. Conditioned media obtained from chondrocyte cultures and 

20 partially purified chondrogenic cartilage extracts after heparin sepharose affinity chromatography, 
molecular sieve chromatography and Con A chromatography, will be analyzed for the presence 
of CDMPs by Western blot analysis. Due to the possible heterogeneity of the highly purified 
chondrogenic cartilage extracts, the antibodies will be used to reduce or deplete the 
chondrogenic/osteogenic activity in purified fractions in a standard immunoprecipitation 

25 experiment. 

An important aspect of our invention regards the production and use of recombinant 
proteins that possess the biological activities of the CDMPs. The following Example describes 
methods and results that illustrate the production of recombinant CDMP-1 and CDMP-2 in 
transfected 293 cells, COS-1 cells, and CHO-1 cells. We discovered that 293 cells express BMP-7 

30 that could conceivably contaminate preparations of recombinant CDMPs. To avoid possible 
ambiguities in the interpretation of our results, recombinant CDMP-1 produced in COS-1 cells was 
used to demonstrate cartilage forming activity. Although the production of recombinant CDMPs 
in this fashion was rather inefficient, the key finding illustrated by our results was that recombinant 
protein had the desired cartilage-forming activity. Unexpectedly, and in contrast to the related 

35 BMPs, recombinant CDMP-1 induced cartilage formation without noticeable bone formation. 
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any of the recovered samples. Osteogenic activity would ordinarily have been observed if the 
same procedures had been carried out using recombinant BMPs. This difference highlighted the 
unique properties of recombinant CDMP-1. • . 

Future in vitro chondrogenic experiments will be performed to determine the precursor 
5 cells responsive to the CDMPs. Undifferentiated (10T1/2 cells, bone marrow stromal cells, 
mesenchymal stem cells) and already committed skeletal cells (limb bud cells, perichondrial or 
periosteal cells, fetal epihyseal chondroblasts, and chondrocytes) will be transfected with the 
cDNAs or treated with recombinant^ expressed CDMPs to evaluate the stage of differentiation 
associated with the chondrogenic activity of the CDMPs. 
10 Future in vivo chondrogenic experiments will be directed to expression of large quantities 

of CDMP-1 and CDMP-2 by stable transfectants. We contemplate the use of hybrid expression 
constructs in which the pro-region of one BMP family member (for example BMP-2) is 
operationally linked to the regions encoding the mature CDMPs. We also anticipate in vivo assays 
based on implantation in other sites, apart from subcutaneous implantation, which may reveal 
15 distinct or superior biological activities of the CDMPs. For example, we anticipate implantation 
in the synovial cavity may have utility in such assays. 

The CDMPs disclosed in the present invention have important applications in the repair 
of cartilage defects. We contemplate two general approaches for this type of therapy. In the first 
place, the CDMPs are used as lineage-specific growth factors for the ex vivo expansion of 
20 chondrocytes isolated from a donor who requires therapeutic intervention. Following expansion, 
these cells can be reimplanted into a cartilage lesion in the donor, whereafter repair of cartilage 
will take place. In a different scenario, CDMPs are introduced into a cartilage lesion. For 
example, a composition containing an appropriate CDMP or mixture of CDMPs can be implanted 
into a lesion for the purpose of stimulating in vivo chondrogenesis and repair of cartilage. The 
25 CDMPs can be combined with any of a number of suitable carriers. An appropriate carrier can 
be selected from the group comprising fibrin glue, cartilage grafts, and collagens. An implantable 
mixture can be introduced into the site of a lesion according to methods familiar to those having 
ordinary skill in the art. In one application, we contemplate that periosteal synovial membrane flap 
of tissue or inert material can be impregnated with CDMPs and implanted for cartilage repair. 
30 Example 10 illustrates one application of the CDMP preparations described above. 

Specifically, the following Example describes the use of CDMPs to facilitate repair of cartilage 
in the knee joint. 
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Several BMPs have now been implicated in early skeletal development, including BMPs - 
2, -4, -5, -7 and CDMP-1 (GDF-5). Other members, such as BMPs -3, -6, -7 and CDMP-2, may 
be involved in later stages of skeletal formation (13, 15). The role of the BMPs in early 
development could be chemotactic, mitogenic or inductive. Their function in later stages of 
5 skeletal development might be promotion of differentiation and maintenance of the established 
phenotype. The availability of mouse strains with null mutations in specific BMP members, such 
as the short-ear mice (Bmp5) and the bp mice (Cdmpl/Gdf5), allows analysis of the specific 
contributions of the respective members in each of the stages of skeletal development. 

The absence of expression of both CDMP-1 and CDMP-2 in the axial skeleton has 
10 implications for models of skeletal development. For example, the bp mice have disturbed limb 
development but a normal axial skeleton. This is the first evidence that the developmental 
mechanisms and differentiation pathways of the vertebral bodies are distinct from those of the 
peripheral skeletal elements. Further, this indicates the basic form and pattern of the skeleton are 
likely to be determined by a number of BMP-like signaling molecules. 

15 
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12. A recombinant protein having chondrogenic activity in vivo but substantially no 
osteogenic activity in vivo, wherein said protein has an amino acid sequence selected from the 
group consisting of SEQ ID NO: 13 and SEQ ID NO: 14. 

13. A method of stimulating cartilage formation in a mammal, comprising the steps: 
5 a) supplying cartilage-derived morphogenetic proteins having in vivo 

chondrogenic activity; 

b) mixing said partially purified proteins with a matrix to produce a product 

that facilitates administration of said partially purified proteins; and 

c) implanting the product of step (b) into the body of mammal to stimulate 
10 cartilage formation at the site of implantation. 

14. The method of Claim 13, wherein said partially purified cartilage-derived 
morphogenetic proteins are obtained from articular cartilage or epiphyseal cartilage. 

15. The method of Claim 13, wherein the matrix of step (b) comprises a cellular 
material. 

15 16. The method of Claim 13, wherein mixing step (b) additionally comprises mixing 

of viable chondroblast or chondrocytes. 

17. The method of Claim 5, wherein the implanting step comprises implanting 

subcutaneously. 

18. The method of Claim 5, wherein the implanting step compises implanting 

20 subcutaneously. 

19. The method of Claim 5, wherein the implanting step comprises implanting 

intramuscularly. 

20. A composition that can be administered to a mammal for the purpose of stimulating 
chondrogenic activity at the site of administration without substantially stimulating osteogenic 

25 activity, said composition comprising at least one cartilage-derived morphogenetic protein and a 

matrix. -> 

21. The composition of Claim 20, wherein said cartilage-derived morphogenetic protein 

is derived from an extract of cartilage tissue. 

22. The composition of Claim 20, wherein said cartilage tissue is selected from the 
30 group consisting of articular cartilage and epiphyseal cartilage. 

23. The composition of Claim 20, wherein said cartilage-derived morphogenetic protein 

is a recombinant protein. 

24. The composition of Claim 20, wherein said recombinant protein has a sequence 

selected from the group consisting of SEQ ID NO: 13 and SEQ ID NO:14. 
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